Statistical methods were used to design and analyze the results of a gettering experiment on four industrial multicrystalline silicon solar cell materials.
design-of-experiment (DOE) methods could be used to streamline the development of gettering processes for a variety of mc-Si materials. Several statistical software packages are available for such work. The package used for this work was obtained from the Experiment Strategies Foundation [I 51.
W e worked with four industrial solar cell materials: cast material from Solarex Corporation, EFG material [I31 from Mobil Solar (now ASE Americas), Heat Exchanger Method (HEM) material from Crystal Systems [12] , and Silicon-Film [I41 material from AstroPower. Each of these companies supplied enough material from a "stable" production process for the entire experiment so that starting material would be as consistent as possible.
The following sections describe the experimental design, the diagnostic devices used, and the results for the various materials EXPERIMENT Processing details and background to the final experimental design used here have been described in an earlier paper [8] . Four parameters were included in the quadratic interaction design; temperature and time for the POC13 emitter diffusion and for the aluminum alloy process. The ranges for these process factors were restricted to maintain compatibility with commercial cell processing (see Table 1 ). No etchbacks or multiple diffusions were used in the original experiment using diagnostic devices for the same reason. Phosphorus diffusions were limited to the front side of the devices and were done prior to deposition and alloying of the aluminum film on the back sides.
The diagnostic devices required no photolithography. Blanket diffusions were used, and individual 1-cm2 devices (1 3/wafer) were isolated by laser-scribing through the diffusion and etching the grooves with KOH to remove The diagnostic devices were designed to allow opencircuit voltage (Voc ) determinations only. Open-circuit voltages were measured at about one-sun illumination level using an automatic probing station, and wafer averages for V , , were used in the statistical analysis. Diagnostic device V0; s were expected to be conservative relative to solar cells due to lack of surface passivation and antireflection coatings. However, they were expected to reflect changes in the bulk lifetime because recombination at open circuit should be dominated by bulk effects. These shortcomings were tolerated in order to simplify processing and testing, and reduce the cost of do i n g t h e experiment .
The results for one of the materials were checked using full solar cells. The process for the cells had to be modified from the diagnostic devices. Lithography was used to define the emitter areas and the front grid. The cells also incorporated a passivation oxide and a double layer antireflection coating (DLAR).
RESULTS AND DISCUSSION

Diagnostic Devices
The equation describing the wafer-average opencircuit voltage response (WOG >) is given below where bo is a constant term and the subscripts one through four refer to the process parameters (POC13 diffusion temperature and time, and aluminum alloy temperature and time respectively).
In equation (1) the process factors are represented by x,'s, which have been translated to a -1 (minimum setting) to +I (maximum setting) scale.
It I Figure 1 shows the coefficients from equation (1) for the various factors and second order interactions for all four materials. Statistically significant coefficients are indicated when the 95% confidence limits (indicated by the plus signs above and below each circular data point) both lie above or below the zero line. Only the EFG and HEM materials exhibited statistically significant gettering effects with the factors and ranges used in this study. Lack of significant effects can reflect several things besides lack of gettering. Significant gettering could be masked by other uncontrolled factors that widen the . .+ .+
Factor HEM -<Vac,
bl b2 b3 b4 b12 b13 b14 b23 b24 b31 b l l b22 b33 b44 The plot was constructed around the region of maximum performance. The 95% confidence limits for this plot range from about +I-5 mV in the center to +I-10 mV in the corners.
confidence limits. Such factors might include process as well as material variations. Each of the commercial companies supplied material representative of their baseline process to minimize material variations. For HEM and Solarex, this meant slices from the middle region of a single "standard" ingot. For the other technologies (EFG and Silicon-Film), this meant substrates from the same or similar growth batches. The confidence limits are about a factor of two narrower for the ingot technologies than for either EFG and SiliconFilm. In spite of the narrow confidence limits with Solarex material, no statistically significant gettering effects were observed. In contrast, significant effects were observed in the EFG material even with increased uncertainty limits.
Resistivity variations in the Silicon-Film contributed to increas,ed uncertainty regarding gettering in that material.
The HEM results in Fig.1 indicate that the POC13 diffusion and aluminum alloy processes can be optimized independently in this material. There are no significant second-order terms involving both processes. Four of the five significant coefficients for HEM material involve one or both of the POC13 diffusion process factors. The aluminum alloy temperature was found to be significant, while the alloying time was not important. A contour plot for <Vac> based on the HEM results is shown in Figure 2 .
The contour plot is centered around the region giving the highest <'doc> values in the diagnostic devices.
The EFG result:; in Fig. 1 suggest that the POC13 diffusion and aluminum alloy processes should be optimized simultaneously, since the interaction between the POC13 diffusion temperature and the aluminum alloy time is significant. However, the wide 95% confidence limits for this interaction indicate the need for further investigation. Contour plots (not shown) for the EFG material did not indicate a sweet spot like that found with the HEM material. Instead, they pointed to optimum processing regions outside the process factor ranges examined here (a short, >95OoC diffusion followed by a short, low-temperature alloy process, or <850°C diffusion followed by a long, 900°C alloy process).
Solar Cells
The HEM results from the diagnostic devices were checked further using the remainder of the material supplied from the same ingot to make full solar cells. Cells were fabricated using the parameters for the center point and the corners of the contour plot shown in Fig. 2 . All cells used a 900°C, 65 minute aluminum alloy process. The statistical analysis indicated that 900°C was about optimum for the alloy process. Arrays of eight 2 x 2-cm2 cells were produced on each wafer. The gettering diffusions were removed in all cell splits using an acid etch because some of the POC13 process factor combinations indicated in Fig. 2 result in very heavy n+ diffusions which dominate the cell performance by ruining the blue response. All cell wafers were then re-diffused to about 100QIU. Obviously, this procedure added a silicon removal step and another high temperature step to the cell process which were not present in the diagnostic device process. Photolithography was used to define the emitter regions and the front grids in a two-mask process (the diagnostic devices required no photolithography). The cells also differed from the diagnostic devices in that they utilized a passivating axide (grown during the 0 2 ambient anneal of the aluminum alloy process) and a double layer antireflection coating (TiOzISiOz).
The results for the solar cells are given in Table 2 . Each split was intended to include two wafers of eight cells each, but some whole and partial wafers were lost due to breakage. These yield losses hurt the statistics of the cell results but no more material was left from the original group of wafers for further tests There is no significant difference in cell performance for the different gettering splits (standard deviations in efficiency were 0.3 to 0.5% absolute for all splits). All splits performed better than previous cell efforts on this material, but there is little correlation with the contour plot of Fig. 2 .
The lack of correlation is disappointing considering the resources and care invested in the present experiment.
The unavoidable processing differences between the cells and the diagnostic devices may be partially responsible for the lack of correlation. The small number of cells produced also hurts the comparison.
CONCLUSIONS
The results of the present work suggest several general principles concerning the use of DOE methods for gettering studies in mc-Si. First, DOE techniques require a very large number of replicates for characterization of processes and/or materials with a large variance. Due to the investment involved, careful planning is imperative, including experimental design (factors, ranges, responses, etc.) and substrate material (consistency of bulk resistivity, grain and defect structure, and impurities). Gettering results may be small, and variations in material characteristics may dominate the results. There is little point in starting down this path if the substrate material is still evolving.
In addition, enough material must be processed to develop the statistics properly. Average responses determined from arrays of small devices make it possible to learn something about the areal homogeneity of mc-Si substrates. However, it is also important to replicate the arrays on a significant number of wafers. The present work included two replications of the 21 trials required for the experiment, and this is a bare minimum. The test device should be the actual device, or as similar as possible to (preferably) allow measurement of all the relevant responses. Shortcuts, such as those taken here to reduce the processing and testing investment, may lead to lack of relevance to the performance of the real device.
In spite of the short comings of the present experiment, valuable information was gained. Although the uncertainties are large, it appears that the diffusion and alloy processes should be simultaneously optimized in the EFG material. This result could only be obtained through a statistical experimental design. In contrast, HEM material shows a lack of interactions. This lack of interactions and lack of dependence on the alloy time has allowed us to optimize the blue response of cells on HEM material without compromising the benefits of the diffusion and alloy processes.
